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CHAPTER I 
GENERAL INTROCUCTION 
SUMMARY 
The work presented in th i s thes i s dea ls with two aspects 
o f the s o l i d s t a t e r eac t i ons between organic compounds: ( i ) The 
mechanism of the" chemical r eac t i on invo l ved , ( i i ) the use o f 
the reac t i on f o r the de t e c t i on and the semiquant i ta t i ve d e t e r -
mination o f the compound concerned. 
Two reac t i ons have been chc6;;^ n f o r t h i s purpose i . e . the 
r eac t i ons o f p-dimethylaminoben-zaldehyde (p-DAB) with 
diphenylamine hydrochlor ide (DPAH) and with r e s o r c i no l (RSN) in 
the s o l i d s t a t e . The study o f these reac t ions has resu l t ed in 
some v e r y i n t e r e s t i n g r e s u l t s . 
The k ine t i c s o f the r eac t i on between p-DAB and DPAH has 
been studied in the s o l i d s t a t e by the c a p i l l a r y method o f R.P. 
Ras t o g i . These studies have been ca r r i ed out using the reactant 
p a r t i c l e s o f 100-200 mesh s i z e a t 30, 40 and 50°C. I t has been 
found that the r eac t i on ra t e increases with temperature and 
decreases with t ime. At 30 and 40°C a ye l l ow coloured product 
i s formed i n i t i a l l y which changes to a dark green product a f t e r 
s e v e ra l hours. A t 50°C 'the dark green product forms d i r e c t l y . 
Hence, at 30 and 40°c the movement of the y e l l ow boundary and a t 
50®C the movement o f the green boundary with time has been 
recorded . In both cases the k i n e t i c data f i t the equation 
= kt/ where ^ i s the thickness o f the product l a y e r ; t i s the 
time and k i s a constant . 
From the thermal s tudies ( r eac t i on temperature) and 
vapour experiments the f o l l o w i n g conclusions may be drawn: 
i ) The r eac t i on i s d i f f u s i o n c o n t r o l l e d , 
i i ) The d i f f u s i o n takes p lace v i a vapour phase, 
i i i ) The d i f f u s i n g spec ies i s Ph2NH2Cl''. 
The absorpt ion spectra o f the ye l l ow and the dark green 
s o l i d s in the v i s i b l e reg ion e x h i b i t maxima a t 430 and 550 mp. 
r e s p e c t i v e l y . This ind i ca t es the formation of two d i f f e r e n t 
compounds. The dark green product i s adsorbed on the res in 
beads in H"^  fomi showing that the product i s p o s i t i v e l y charged. 
The X-ray pat tern o f the dark green product ind i ca t es the 
forroation of a new compound. 
On the bas i s o f the above s tud ies a mechanism f o r the 
r eac t i on between DPAH and p-DAB i s t e n t a t i v e l y proposed (Scheme 1) 
A new technique c a l l e d c a p i l l a r y s o l i d - s t a t e spot t e s t s 
i s developed f o r the de t e c t i on o f organic compounds in the s o l i d 
s t a t e . This technique i s based upon the formation o f coloured 
products a t the junct ion when the reactants brought in contact 
in a c a p i l l a r y . This technique i s v e r y h e l p f u l f o r the semi-
quan t i t a t i v e determinat ion of the compounds and o f f e r s many 
advantages ove r the conventional technique by prov id ing a number 
o f v a r i ab l e s such as the appearance o f a coloured boundary a t 
the junct ion , the movement of the coloured boundairy with t ime. 
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and the d i r e c t i o n o f the movement o f the coloured boundary. 
These v a r i a b l e s make the de tec t i on more s e l e c t i v e and a lso 
permi t a semiquant i ta t i ve determinat ion . 
The de t ec t i on of some n i t rogen compounds in the s o l i d 
s t a t e has been ca r r i ed out by using a we l l powdered mixture o f 
p-DAB and potassiMW l:\ydrogen svilphate irv equiroolar r a t i o as 
a reagent (A) . I t i s found that the s o l i d s t a t e reac t ions are 
s u f f i c i e n t l y s e n s i t i v e and can be used to d i s t i ngu i sh s i m i l a r 
compounds. The l i m i t o f i d e n t i f i c a t i o n of diphenylamine in the 
4 
s o l i d s t a t e and so lu t i on s t a t e are 1.0 pg and 10 p.g r e s p e c t i v e l y , 
o-phenylenediamine ( y - G) can be d i s t ingu ished from p-phenylene-
diaraine (Ry - G ) . S i m i l a r l y urea (Ry) can be d is t ingu ished from 
phenyl urea (y-5<3) and N-methyl urea iy-yG) in the s o l i d s t a t e . 
Fo r de t e c t i on by the c a p i l l a r y method, c a p i l l a r i e s were 
used in which one end was open and one end was s ea l ed . The 
reagent (A) was f i l l e d from the open end by continuous tapping 
and then the t e s t mater ia l was f i l l e d from the same end. The 
co lour and the f luoresccence o f the product a t the junct ion was 
noted . The l i m i t s o f i d e n t i f i c a t i o n were determined by s t a r t i n g 
with var ious s yn the t i c mixtures o f the s o l i d t e s t mater ia l s 
wi th s t a r ch . 
The semiquant i ta t i ve determinat ion o f diphenylamine was 
c a r r i e d out by using 10-100% concentrat ion o f diphenylamine in 
c a p i l l a r i e s with reagent (A) at 50°C. The p l o t o f diphenylamine 
concentrat ion VS boundary l ength i s l i n e a r ( f i g u r e 1) . 0.1-10% 
0 20 40 60 60 100 
C o n c e n t r a t i o n o f d i p h e n y l a mine (*/•) 
FfG. 1 S e M I Q U A N T I T A T f V E DETERMINATfON 
OF D IPHENYLAMINE W I T H p - D A B 
diphenylamine has been v i s u a l l y determined on the bas is o f co lour 
i n t e n s i t y in c a p i l l a r i e s with reagent (A) . The co lour i n t e n s i t y 
has been found to be propor t i ona l to the concentrat ion o f 
diphenylamine. 
Of the substances t e s t ed , only ac r id ine , p - t o l u i d i n e , and 
semicarbazide hydrochlor ide form products with reagent (A) which 
g i v e ye l l ow f luorescence in the cap i l l a i r y . 
Many compounds conta in ing n i t rogen such as a l i p h a t i c 
aniides/ u r a c i l , u r i c ac id , g l y c i n e e t c . do not r eac t with reagent 
(A) . On the o ther hand some compounds which do not have n i t rogen 
such as r e s o r c ino l , santonin, ph lo rog luc ino l and hydroquinone r eac t 
The k in e t i c s o f the r eac t i on between p-DAB and r eso rc ino l 
(RSN) in the s o l i d s t a t e i s s tud ied in the neutra l and a c i d i c 
medium. PHS in the we l l grounded form i s used as an ac id . The 
reac tants having p a r t i c l e s i z e s : RSN t= 6.3-12.5 p ; p-DAB = 8 .3-
12.5 jjl; and PHS = 8.3 - 12.5 p have been used f o r the k i n e t i c 
s tud i es at 55, 6o, 65 and lO^C. The c a p i l l a r i e s have been f i l l e d 
i n the f o l l ow ing manner to study the k i n e t i c s : 
i ) 
ii) 
- a - r 
p-DAB R^N 
4, 
p-DAB (RSN+PHS) 
1 
iii) 
\ ' \ f 
(p-DAB+PHS) RSN 
i v ) 
\ 1 N ! 
p-DAB Glass wool RSN 
p lug . 
In cases ( i ) and ( i 4 ) the movement of the ye l l ow coloured 
boundary has been noted with time whi le in case ( i i i ) the 
movement o f the red product i s noted. The movement of the 
y e l l ow boundary in case ( i i ) i s s l i g h t l y s lower than in case ( i ) . 
The red product boundary in case ( i i i ) moves with the s lowest 
r a t e . The ra te o f the reac t i on in eve ry case increases with 
temperature and decreases with time and hence with the increase 
in the thickness o f the product l a y e r . When the reactant 
p a r t i c l e s o f var ious s i z e s i ) below 50, i i ) 50 - 100, i i i ) 1 0 0 - 2 0 0 
mesh s i z e s are used there i s no change in the ra t e of the react ion 
observed* The react ion temperature i s n e g l i g i b l e . The reac t ion 
proceeds with the same v e l o c i t y when the reactants in the 
c a p i l l a r y are separated by a g lass wool plug (case i v ) . In every 
case the coloured boundary ( ye l l ow o r red) moves towards p-DAB 
column. These s tud ies revea l the f o l l ow ing conclusions: 
i ) The react ion under study i s d i f f u s i o n c o n t r o l l e d . 
8 
i i ) The d i f f u s i o n takes p lace v i a vapour phase, 
i i i ) The d i f f u s i n g spec ies i s RSN. 
The s o l i d - l i q u i d equ i l ib r ium studies show that the 
ye l l ow product forins by the equimolar combination o f RSN and 
p-DAB. Absorption and r e f l e c t i o n spec t ra in the u l t r a v i o l e t 
and v i s i b l e reg ion i nd i ca t e that the red product formed in the 
s o l i d s t a t e and the so lu t i on s t a t e i s the same. The e . s . r . 
spec t ra of the ye l low and red products (obtained in the s o l i d 
s t a t e ) show that both the products are f r e e r a d i c a l s . 
, On the bas is o f the above s tud ies a reac t i on mechanism 
f o r p-DAB - RSN reac t i on i s t e n t a t i v e l y proposed as shown in 
Scheme 2, 
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S C H E M E D MECHANISM OF p - D IMETHYL AMINO 
B E N Z A L D E H Y D E - DIPHENYLAMINE 
HYDROCHLORIDE REACTION IN THE 
c m in Q T A T F 
There are very few branches o f chemistry which have 
been neg l ec ted as much as the chemistry o f the s o l i d s t a t e . 
Chemists cared ve ry l i t t l e f o r the s o l i d s t a t e because they 
f e l t in t h e i r hear t o f hearts that , " corpora non agunt n i s i 
f l u i d " as enunciated by A r i s t o t l e . E f f o r t s are now being 
made to compensate f o r th i s long n e g l e c t and there has been 
1—22 a sudden spurt in a c t i v i t y in th i s f i e l d in recent y ea r s . 
A systemat ic study o f r eac t i ons in the s o l i d s t a t e 
23 24 25 s t a r t e d with inorgan ic r eac t i ons . Hedva l l , Tammann 
and t h e i r co l l eagues l a i d the foundation o f the s o l i d s t a t e 
chemistry o f inorgan ic substances by t h e i r c l a s s i c a l s tud i e s . 
Hedval l s tudied the e f f e c t o f the thermal h i s t o r y on the 
r e a c t i v i t y o f s o l i d s and concluded that s o l i d s are more 
r e a c t i v e when they are formed at the lowest poss ib l e temperatures. 
He a lso not i ced tha t polymorphic changes in reac t ing so l i d s cause 
a cons iderab le increase in the ra t e o f r eac t i on (Hedva l l e f f e c t ) . 
27 
Tammann advanced the theory that there i s a d e f i n i t e 
r e l a t i o n between the melt ing po in t o f a s o l i d and i t s r e a c t i v i t y . 
I f c^ represents the r a t i o o f the absolute temperature of an 
i o n i c s o l i d to i t s melt ing po in t on the absolute s c a l e then 
sur face mob i l i t y i s b e l i e v e d to become apprec iab le a t oL = 0 . 3 , 
The temperature corresponding to c^ - O i s known as the Tammann 
temperature at which the s o l i d i s expected to undergo a s o l i d 
s t a t e reac t i on a t an apprec iab le r a t e . The reac t i on 
temperatures have been shown by Hedval l and h is c o l l a -
borators to be approximately the same f o r d i f f e r e n t (but in 
general/ not unre la ted ) reac t ions o f the same s o l i d . For 
example the r eac t i on temperatures shown below are g iven 
f o r a s e r i e s o f s o l i d reac t ions i n v o l v i n g calcium 
ox ide . 
MgCo^ + CaO CaCO^ + Mgo (525®C) 
CuSO^ + CaO 
C02(PO4)2 + 3CaO 
CaSO^ + CUO (515*^0) 
Ca3(Po4)2 + 3COO (520®C) 
MnSiO^ + CaO CaSiOj + Mno (56 5°C) . 
The study o f the mechanism of a r eac t i on f r e q u e n t l y 
i n vo l v e s the i d e n t i f i c a t i o n o f the d i f f u s i n g spec i e s . This 
has been accomplished in a b e a u t i f u l manner by Wagner f o r 
the formation o f Ag^S. 
A 
B D 
F i g . 1 . The formation o f the compound MeX by 
r eac t i on between Me and X, 
I f the metal Me reacts with a non metal X to form MeX 
the quest ion a r i s e s whether Me migrates t o CD, the boundary 
between MeX and X to r eac t with X o r X migrates to AB to r eac t 
wi th Me. Since Me and X can migrate only in an i o n i c c r y s t a l as 
ions the r e f o r e both processes require the movement of e l e c t r o n s . 
A tarn ish ing r eac t i on w i l l , t h e r e f o r e , not occur i f MeX i s an 
i n s u l a t o r . In Wagner's experiment 
l i q u i d sulphur was separated from 
s i l v e r with the he lp of two Ag^S 
c r y s t a l s . A f t e r the reac t ion had 
continued f o r one hour a t 220°C the 
we ight of the upper s lab ( I I ) had 
increased whi le the weight o f the 
lower s lab ( I ) was una l t e red . 
Further the weight increase o f slab 
( I I ) was chemical ly equal to the 
decrease in the we ight of s i l v e r . 
This proves that s i l v e r d i f f u s e s 
and the r eac t i on takes p lace a t the 
S/Ag^S boundary. The e x c e l l e n t work 
2 4 26 25 2 3 3 X o f Hedval l , Tammann and Wagner " was supplemented 
by the i n t e r e s t i n g s tud ies of Jost^^, Hutting^^ and Jander^'^"^^, 
As a r e s u l t o f these s tudies the bas ic f ea tures o f inorganic 
s o l i d s t a t e reac t ions were made c l e a r and they have been summa-
27 r i z e d in the t r e a t i s e ed i t ed by Garner . 
F i g . I I , Wagner's e xpe r i -
ment (bo determine 
the d i f f u s i n g 
spec ies in the 
Ag-S r eac t i on . 
The outstanding f ea ture o f the s o l i d s t a t e reac t ion i s 
the r e s t r i c t e d movement o f the r eac t ing spec i e s . In the f l u i d 
s t a t e the r eac t ing spec ies c o l l i d e with one another ve ry 
f r e quen t l y but in the s o l i d s t a t e r eac t i ons take p lace between 
the l e ss mobile s o l i d sur faces o f c r y s t a l s and powders. And 
t h e r e f o r e the r e a c t i v i t y o f the var ious atoms and molecules 
depend not on l y on t h e i r chemical nature but a l so upon the 
pos i t i ons which they occupy in the c r y s t a l . The presence o f 
p o i n t d e f e c t s , d i s l o c a t i o n s , sur face d e f e c t s and volume 
d e f e c t s a l l a f f e c t the r e a c t i v i t y in a way pecu l i a r to the 
s o l i d s . 
Therroodynamies i s an important t o o l t o study the r e a c t i v i t y 
o f s o l i d s and the thermodynamics o f s o l i d s has many unique 
f e a t u r e s . I t i s , t h e r e f o r e , worthwhile to summarize the more 
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important f ea tures o f the thermodynamics o f the s o l i d s t a t e 
r e a c t i o n s . They a re as f o l l o w s : 
i ) The a c t i v i t i e s o f the reactants and products remain 
the same during a reac t i on unless the reactants and products 
show a marked s o l u b i l i t y amongst themselves, 
i i ) The r eac t i ons do not reach equ i l ib r ium except in 
excep t i ona l cases . 
i i i ) In p r a c t i c e a s o l i d s t a t e r eac t i on i s never complete 
because o f a c e r t a in por t ion o f one s o l i d reac tant i s not in 
contac t with the o ther r eac tant . 
i v ) In the s o l i d s ta t e react ions /AS i s g ene ra l l y ve ry 
small and hence the s ign of AH more or l e s s governs the s ign 
o f AF i . e . , the s o l i d s ta t e reac t ions are g ene ra l l y exothermic. 
V) A t equ i l ibr ium Ah = T^g^iib- ^ > ^equilb.^ 
Ah - T , As i s nega t i ve and the r eac t i on proceeds in one 
d i r e c t i o n ; f o r T ^H - T . ^^ iS i s p o s i t i v e and the 
r eac t i on proceeds in the oppos i te d i r e c t i o n . E q u i l i b r i u m 
known as the r eac t i on temperature. 
A l l these g ene ra l i z a t i ons have been obtained by the 
study o f inorgan ic reac t ions a lone . I t i s a p i t y there i s no 
mention of s o l i d s t a t e organic r eac t i ons in monographs of 
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Hannay and Budnikov . Even in the s o l i d s t a t e chemistry 
27 
e d i t e d by Garner there i s on ly one chapter devoted to 
o rgan ic thermal decomposit ions. I t i s , there fore/ heartening 
to f i n d that r ecent pub l i ca t ions are g i v i ng due importance to 
o rgan ic s o l i d s t a t e chemistry . The more important conclusions 
a r r i v ed a t in these studies are given be low. 
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The d i s t i ngu i sh ing f ea tures o f organic c r y s t a l s which 
add a new dimension to organic s o l i d s t a t e chemistry may be 
summarized as f o l l o w s : i ) They are low mel t ing , s o f t and 
d i f f i c u l t t o obta in in a r e a l l y pure s t a t e , and i i ) They are 
e a s i l y d i s t o r t e d and contain many de f e c t s and imper f ec t i ons . 
A systemat ic study o f the organ ic s o l i d s t a t e chemistry 
41 
was probably i n i t i a t e d by Schmidt in 196 4. His contr ibut ions 
t o the s o l i d s t a t e may be b r i e f l y summarized in the form 
o f a general statement, "React ions in c r y s t a l s proceed with a 
minimum of atomic and molecular movement and are thus de t e r -
mined by the structures o f the r eac t ing c r y s t a l s " . This 
pos tu la t e applies*, to react ions which r e a l l y occur in the 
c r y s t a l l i n e matr ix . I t says nothing about the rates of 
r e a c t i on . 
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There are s i g n i f i c a n t d i f f e r e n c e s between the reac-
t i ons in the c r y s t a l l i n e s t a t e and the react ions in the 
amorphous o r the f l u i d s t a t e . The molecules i n a g iven 
c r y s t a l are more ordered and occur in on ly a small number of 
conformations leading to a l i m i t e d number of poss ib l e i n t e r -
molecular approaches in the c r y s t a l l i n e s t a t e . Thus py r i d i no l 
and pyr id inone forms occur in so lu t i on as an equ i l ibr ium 42 
mixture but in the s o l i d s t a t e each tautomer can be obtained 
separa t e l y 
rt ^ rt V ^ V 
P y r i d i n o l Pyr id inone 
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A s i m i l a r example may be c i t e d o f n i t r o s o compounds . In 
so lu t i on they e x i s t as a mixture of the monomer, the c i s dimer 
and the trans dimer. In the s o l i d s t a t e the c r y s t a l s are 
e x c l u s i v e l y of the c i s o r of the t r a n ^ i m e r . 
R. R R ^O 
'N = N ^ < R - N = 0 V ^ ^ N = N: 
^ Ur 
Cis dimer Monomer Trans dimer 
At t h i s juncture i t i s i n s t r u c t i v e to c i t e the unique 
example o f the gaseous amine induced double dehydrobromination 
o f dimethyl meso - ^ > p,' - dibromaadipate'^'^. The conforma-
t ions of t h i s molecule in the c r y s t a l (Scheme 1) i s cent ro -
symmetric and has the bromine and a hydrogen atom in an an t i -
pe r ip lanar arrangement. I f trans e l im ina t i on o f HBr occurs 
t h i s should y i e l d e x c l u s i v e l y dimethyl t rans , trans-muconate 
as i t a c t u a l l y does. On the o ther hand the react ions in so lu-
t i o n g i v e a mixture o f trans, t r a n s c i s , trans - and c i s , c i s • 
isomars in addi t ion to the vary ing amounts o f amides r e su l t i n g 
from the amine attack a t e s t e r funct ions (Scheme \ ) . 
In 
some cases, i t i s the r e l a t i v e arrangement o f the 
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molecules in the c r y s t a l which i s respons ib le f o r the 
chemistry o f the r eac t i on . Thuso-ethoxy - trans - cinnamic 
ac id c r y s t a l l i z e s in three d i f f e r e n t forms. The c?(rform 
c r y s t a l l i z e s from e thy l ace ta te , e the r , o r acetone, the ^- form 
from benzene o r petrolecum e ther and the Y - form from aqueous 
e thano l . I t i s i n t e r e s t i n g to note that the oL- and P- forms 
g i v e r i s e to d i f f e r e n t products when exposed to l i g h t whi le 
the V - form does not reac t a t a l l (Scheme 2) . 
N H 3 ( g ) /f 
— .—f 
o r o t h a r „ // 
S o s c o u s " • 
Qmrna 
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CH3 02CCH2CHBrCHBrCH2C0 2CH3 
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I K 
sotut ^ ^ A 
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SCHEME 1 DEHYDROBROMINATION OF DIMETHYL M E S O -
DIBROMOADIPATE BY GASEOUS AMINE 
The photodimer izat ion o f anthracene shows the d i f f e r e n c e 
between react ions in the so lu t i on and in the s o l i d s t a t e . Thus 
1 - ch loro - anthracene g i ves a l l the f our p o s s i b l e photodimers 
in so lu t i on but in the s o l i d s t a t e i t g ives two types o f c r ys -
t a l s , the air type y i e l d s one photodimer and the P- type i s 
l i ^ t s t a b l e and does no t r eac t a t a l l (Scheme 3) 
Very few s o l i d - s o l i d react ions o f o rgan ic compounds 
have been s tud ied . These molecules are usua l l y bulky and have 
an i r r e g u l a r shape so tha t s e l f d i f f u s i o n in t h e i r c r y s t a l s i s 
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g e n e r a l l y very slow . The d i f f u s i o n , t h e r e f o r e , occurs in 
most of the cases a t the sur face o r through the vapour. I f 
sur face migrat ion occurs , the ra t e o f r eac t i on may depend upon 
the c r y s t a l s t ructure o f both the reac tants . I f an the o the r 
hand d i f f u s i o n occurs through the vapour phase then the s t ruc -
ture o f the s o l i d s does not e f f e c t the s te reochemis t ry of the 
product . In such a case, the r eac t i on proceeds even when the 
two substances are separated by a semipermeable membrane which 
a l lows only the molecules o f one component to pass through i t . 
This po in t of v i ew has been confirmed by Rastogi and 
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Coworkers in t h e i r s tudies of s o l i d p i c r i c ac id with s o l i d 
hydrocarbons and naphthols. They have proposed that the 
r eac t i on proceeds v i a the vapour phase i n pa r t and in pa r t by 
sur face d i f f u s i o n . I t has been shown f u r t h e r by Singh^® that 
sur f ace migrat ion takes p lace more r e a d i l y when the migrat ing 
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molecules and the substrate molecules have the same s i z e s and 
same symmetries. 
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One of the d i s t ingu i sh ing f ea tures o f the s o l i d s t a t e 
r eac t i ons i s the presence o f s p e c i f i c s i t e s at which spec ia l 
chemistry may occur . Another d i s t ingu i sh ing f e a tu r e i s that 
the f i n a l products are obtained in s o l i d phases o the r than the 
s t a r t i n g phase. I n some cases there i s a c o r r e l a t i o n between 
the d i r e c t i ons and even the lengths of the axes o f the product 
and the parent c r y s t a l s . This phenomenon i s known as topotaxy 
and i s of current i n t e r e s t t o organ ic s o l i d s t a t e chemistry . 
GougoutOs^^ has reviewed some fq f : ina t ing s tud ies i n th is f i e l d . 
The study of the mechanism of s o l i d s t a t e reac t ions i s a 
rewarding f i e l d which has a t t r a c t ed some a t t en t i on in the past 
and i s expected to focus more a t t en t i on in fu tu re . I t i s worth-
whi le to discuss f i r s t the study o f the mechanism o f these reac-
t i ons from the po in t of v iew o f an inorganic chemist and then 
t o review some recent organic s o l i d sctate r eac t i ons . 
Mechanisms o f React ions in the S o l i d S t a t e : 
I f a s o l i d phase X i s in contact with a s o l i d phase Y 
a t temperature T at which the m o b i l i t i e s of s o l i d p a r t i c l e s are 
s u f f i c i e n t l y high, X and Y may form one o r more s o l i d r eac t i on 
products and separate the reactants from each o the r . The reac-
tants X and Y may ioe elements o r compounds. Genera l l y , the 
reac t i on i s exothermic, s ince the entropy o f r eac t i on o f s o l i d s 
1 3 
i s low. I f one considers only the reac t ion o f a s i n g l e s o l i d 
phase X with a s i n g l e s o l i d phase Y, the f o l l ow ing reac t i on 
types can be d is t inguished^^. 
i ) Formation of one or more compounds ; 
i i ) Formation of a continuous s e r i e s of s o l i d so lut ions 
between the reac tants ; 
i i i ) Formation o f a s e r i e s of s o l i d so lut ions with a 
m i s c i b i l i t y gap; 
i v ) Double r eac t i on ; 
v ) Superposit ion of the s o l i d s t a t e reac t ion by an 
add i t i ona l decomposit ion of one reactant wi th the 
format ion o f a gap. 
Only the r e l a t i v e l y we l l - s tud i ed r eac t i on type ( i ) w i l l be 
d iscussed. 
At the beginning of the r eac t i on , the f o l l o w i n g react ion 
steps may be assumed: 
( I ) An exchange of p a r t i c l e s a t the i n t e r f a c e between 
the two reactants and formation o f the react ion product 
(phase boundary react ion ) . l i the r eac t i on product i s a 
t e rnary compound and i f the contac t between the s o l i d s i s 
i d e a l , there are three conce ivab le t ranspor t mechanisms a f t e r 
the formation of a homogeneous, p o r e - f r e e reac t i on l a y e r ; these 
mechanisms, which should be regarded as l i m i t i n g cases , are 
shown schemat ica l ly in F i g . f o r sp ine l formation from the 
o x i d e s . 
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FIG. 1 TRANSPORT MECHANISMS WITH IDEAL 
CONTACT BETWEEN THE SOLIDS 
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( I I ) T rans f e r o f the p a r t i c l e s through the i n t e r f a c e 3 
between the reactant AO and the r eac t i on product 
(phase boundary reac t ion ) . 
( I l l ) D i f f u s i o n o f the ca t ions and anions o f the substance 
AO through the r eac t i on product, s p e c i f i c a l l y volume d i f f u s i o n 
o r d i f f u s i o n v i a grain boundaries and d i s l o c a t i o n s o f the 
c r y s t a l l i t e s o f the r eac t i on product . 
( IV ) React ion o f the ca t ions and anions o f the substance 
AO at the i n t e r f a c e 2 wi th the reac tant t o forro the 
r eac t i on product (phase boundary react ion ) . 
I f the contact between the reactants o r between one of 
the reactants and the reac t i on product i s i n s u f f i c i e n t , or i f 
the r eac t i on l a y e r contains pores, o ther t ranspor t mechanisms 
are p o s s i b l e ; these are the t ransport of one reac tant v i a the 
gas phase or the t ranspor t o f the nonraetal l ic component v i a 
the gas phase with simultaneous migrat ion o f cat ions and o f 
e l e c t r ons o r d e f e c t e l e c t r ons through the r eac t i on l a y e r 
( F i g . 2) . 
Exchange processes o f p a r t i c l e s at the i n t e r f a c e a t 
the beginning of the r eac t i on have been confirmed by LEED 
5o i n v e s t i g a t i o n s , 
The mechanism o f the formation o f the r eac t i on product 
in s teps ( I ) and ( IV ) i s not y e t c l e a r . I t i s poss i b l e that 
supersaturat ion o f the reactant with the reac t ion product may 
1 6 
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occur owing to the l i m i t i n g s o l u b i l i t y o f the r eac t i on product 
in the r eac tan t . This may g i v e r i s e to heterogeneous nuclea-
t i o n and c r y s t a l growth. The heterogeneous nuc leat ion i s 
poss ib l e in the v i c i n i t y of two dimensional and one dimensional 
d e f e c t s , vacanc ies o r impur i t i es^^ . 
I f the r eac t i on temperature i s not so high tha t volume 
d i f f u s i o n predominates, the d i f f u s i o n o f the p a r t i c l e s v i a the 
gra in boundaries and d i s l o ca t i ons o f the c r y s t a l l i t e s of the 
product can become the ra te - determining step of the r eac t i on . 
In th i s c:5ise, the reac t i on rate depends, on the r e l a t i v e 
52 
o r i en t a t i on o f neighbouring c r y s t a l l i t i e s o f the product and 
on the s i z e o f the coherent c r y s t a l r eg i ons . The reac t i on r a t e 
increases with decreas ing average c r y s t a l l i t e s i z e o r with 5 3—5 5 decreas ing average s i z e of the coherent regions of the product 
I f i t i s es tab l i shed that the formation o f the reac t ion 
product in s t ep ( IV) i s coupled throughout the reac t i on with 
nuc lea t ion processes at the i n t e r f a c e between the product and the 
reac tant , i t i s poss ib l e that the average c r y s t a l l i t e s i z e o f 
the react ion product depends on the ra t e of nuc leat ion of 
the product a t t h i s i n t e r f a c e . I f g ra in boundary d i f f u s i o n 
through the r eac t i on product i s ra te -de te rmin ing , i t i s 
necessary to check whether f a c t o r s that a f f e c t the ra te o f 
nuc leat ion o f the react ion product at the i n t e r f a c e between the 
r eac tant and the product lead to a change in the average c r y s t a l l -
i t e s i z e o f tha product, and hence t o a change in the r eac t i on 
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r a t e . Such f a c t o r s are c r y s t a l s t ruc ture , the c r y s t a l l o g r a p h i c 
o r i e n t a t i o n , the d e f e c t s t ruc ture of the reactant wi th impuri-
t i e s . 
Where contact between the s o l i d substances i s inadequate, 
the in f luence o f the gas phase on the s o l i d s ta t e r eac t i on must 
be taken in to account. I f gaps in which a c e r t a in p a r t i a l 
pressure o f the reactant i s produced remain between one o f 
the reactants and the react ion l a y e r during the r eac t i on , and 
i f the react ion temperature i s so high that th is p a r t i a l p re -
ssure i s not n e g l i g i b l e / the mass t ranspor t takes p lace v i a the 
gas phase. For s u f f i c i e n t l y th in react ion l a y e r s , the evapora-
t i on of the reac tant , the t ranspor t in the gas phase, and the 
condensation o f the r eac t i on product may become ra te d e t e r -
. . 56 mining 
What has been said above from the po in t o f v iew of 
inorgan ic r eac t i ons i s mostly t rue f o r organic r eac t i ons a l s o . 
The only d i f f e r e n c e i s that in organ ic react ions the d i f f u s i n g 
spec i es are in most cases not ions but molecules or f r e e 
r a d i c a l s , o rgan ic s o l i d s t a t e react ions are important in 
photographic processes and energy conversion systems. The 
photochemistry of the o rgan i c s o l i d s t a t e and the thermal 
4 
r eac t i ons of organic s o l i d s are probably the two most important 
areas of organic s o l i d s t a t e r eac t i ons . 
For the study o f a l l r eac t i ons the study of thermodyana-
mics and k i n e t i c s forms the foundat ion stone. I t , i s , t h e r e f o r e . 
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unfor tunate that the thermodynamics o f organic s o l i d s has been 
s tud ied to a ve ry l i m i t e d ex t en t as compared to that o f the 
ino rgan i c substances. The a c t i v a t i on energy f o r the d i f f u s i o n 
o f organic s o l i d s i s g e n e r a l l y h igher than that f o r the 
ino rgan i c i ons . Thus the pe r s i s t ence o f an iso t ropy of the 
E . S . r . spectram of g l y c in e proves tha t the r ad i ca l s formed in 
the c r y s t a l remain p r e c i s e l y o r i en t ed with respec t to the 
surrounding c r y s t a l l a t t i c e . The o r i en t a t i ons and Gonformations 
appear t o be more important in the organic s o l i d s t a t e as 
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compared to the inorgan ic s o l i d s t a t e . The high r i g i d i t y o f 
both c r y s t a l s and g lasses leads t o a pronounced cage e f f e c t 
which favours the recombination of r ad i ca l s formed by 
homolyt ic bond f i s s i o n o f tolt jene incorporated in an organic 
g l a s s . Organic substances have, in genera l much lower mel t ing 
po in ts than inorgan ic s o l i d s used in i n v e s t i g a t i o n s o f s o l i d 
s t a t e r eac t i ons . The melt ing po ints w i l l be fu r the r depressed 
by the presence o f a r eac t i on product . 
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Rastog i and coworkers have studied the k ine t i c s of the 
reactionofnaphthalene (N) with p i c r i c ac id (P) ( F i g . 3) , The 
course o f the r eac t i on has been represented as f o l l o w s : 
i ) In the pre l iminary stages the r eac t i on takes p lace 
a t the boundary ( F i g . 3a) 
i i ) Subsequently, d i f f u s i o n o f one reactant N across the 
product l a y e r occurs e i t h e r by vapour phase o r sur face migrat ion 
o r gra in boundary d i f f u s i o n ( F i g . 3b) . The sur face migrat ion 
2 0 
FIG. 3 THE REACTION OF NAPHTHALENE (N) 
WITH PICRIC ACID ( P ) IN THE SOLID STATE 
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and gra in boundary d i f f u s i o n may be v i s u a l i z e d as ( F i g . 3C) . 
i i i ) There occurs propagat ion o f the reac t i on in the 
i nd i v i dua l gra ins o f the reac tant (P) ( F i g . 3d) . 
The more important aspects o f phys ica l chemistry o f the 
o rgan i c and inorgan ic s o l i d s have been presented above. A word 
may now be sa id about the ana l y t i c a l app l i ca t i ons o f the s o l i d 
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s t a t e r eac t i ons . Only one rev iew by Voskresenski i has 
appeared u p t i l l now. 
I t i s apparent from the l i t e r a t u r e ^ ' ^^ ' on 
s o l i d s t a t e reac t ions that the sur faces o f s o l i d s are not 
p a r t i c u l a r l y s t ab l e and the ions present in a c r y s t a l are not 
l o c a l i z e d . The e l e c t r i c a l c onduc t i v i t y of sur face l a y e r s 
shows that a t ranspor t of ions takes p lace not on ly in so lu t i ons 
but a l so in s o l i d s . On th i s bas is i t i s poss ib l e to exp la in 
the chemical a c t i v i t y of the sur face o f the s o l i d and i t s 
a b i l i t y to take par t in chemical r e a c t i o n . The c r y s t a l s t ruc -
ture o f the r eac t ing substance i s v e r y important because the 
nature and the ra te o f r eac t i on depend on the p o s i t i o n s occupied 
by the ionS in the c r y s t a l l a t t i c e . I f the ion under study occurs 
a t the pe r ipher i increased chemical a c t i v i t y i s p o s s i b l e . So f a r 
no a t t en t i on has been paid in a n a l y t i c a l chemistry to th i s 
aspec t of the sub j e c t . I t i s now f u l l y estab l ished^^ that reac-
t i ons which take p lace in the so lu t i on s t a t e a lso occur in the 
s o l i d s t a t e p a r t i c u l a r l y i f there i s c l ose contact between the 
r e a c t i n g substances. Some reac t ions take p lace even without 
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t r i t u r a t i o n and simply by contact ing the reac t ing substances. 
Fo r example on contact ing sodium metavanadate c r y s t a l s with 
c r y s t a l l i n e potassium b lsu lphate or any s o l i d o rgan ic ac id , a 
reddish-orange co lour deve lops a t the contact ing boundary. 
This co lour i s c h a r a c t e r i s t i c o f vanadium pentox ide . S i m i l a r l y , 
i f c r y s t a l s o f potassium thiocyanate are brought i n t o contact 
with potassium b isu lphate a reddish co lourat ion appears a t the 
contac t boundary. 
In s o l i d - s t a t e a n a l y t i c a l reac t ions the degree o f 
g r ind ing and the p a r t i c l e s i z e o f the crushed mater ia l i s 
important . The ra te o f r eac t i on g ene ra l l y increases with an 
increase in the ex t en t of g r ind ing . Gas and vapour phases as 
w e l l as water have a g r ea t e f f e c t on the course o f s o l i d -
s t a t e a n a l y t i c a l r e a c t i ons . Water vapour i s always present in 
the atmosphere and i t can have e i t h e r p o s i t i v e or a nega t i ve 
i n f l u e n c e on the course o f the r e a c t i on . 
Sometimes i t i s necessary to ensure the presence o f 
hydrogen or hydroxyl ions in s o l i d - s t a t e a n a l y t i c a l r eac t i ons . 
This i s achieved by adding s o l i d organ ic ac ids o r such ac id 
s a l t s as sodium or potassium b isu lphate or even s o l i d potassium 
hydrox ide . In p lace o f aqueous ammonia, ammonium carbonate i s 
g ene ra l l y used. In the s o l i d - s t a t e reac t ions a c a r e f u l 
c on t r o l o f pH i s l e s s important than in so lu t i ons . Thus any 
aluminium s a l t may be t r i t u r a t e d with arsenazo I and the reac-
t i o n takes p lace e a s i l y . In the so lu t i on s ta t e a d e f i n i t e pH 
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i s necessary to carry out the r e a c t i o n , 
A g r ea t advantage of s o l i d - s t a t e ana l y t i c a l reac t ions 
i s that ve ry small quan t i t i e s of the mater ia l s are required, 
even 1 mg i s a l a r g e quan t i t y . The reac t i on may be ca r r i ed out 
using the s imple b inocu lar magn i f i e r o r under a low power 
microscope. The manipulation on the s tage can be done with 
quartz o r g lass needles and i f water i s necessary to s t a r t the 
r eac t i on i t i s s u f f i c i e n t simply to breathe on the s tage o r add 
a small drop o f water ( d i s t i l l e d or deminera l i zed ) . 
important c h a r a c t e r i s t i c s and some empi r i ca l rules have 
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been given by Voskresenski i . They are as f o l l o w s : s o l i d -
s t a t e ana l y t i ca l reac t ions usua l l y proceed in the d i r e c t i on 
i n v o l v i n g the format ion o f a compound with the h ighes t s t a b i l i t y 
constant k. I f s e ve ra l ions capable of r eac t ing with some 
reagent are present in a mixture then the f i r s t to r eac t w i l l 
be tha t ion which forms a compound having the h i ghes t pk with 
the p a r t i c u l a r reagent . I f severa l ions are capable to reac t 
with the p a r t i c u l a r reagent then the ions having the h ighest 
va l ency react f i r s t . I f ions having the same va lency are 
present , a l l o f which react with a p a r t i c u l a r reagent , then 
those having the h igher atomic nuntoer o r atomic weight reac t 
f i r s t . The a b i l i t y of minerals to r eac t depends c h i e f l y omi t h e i r 
chemical s t ructure whi le the k i n e t i c behaviour depends on the 
phys ica l s t ruc ture . Crys ta l g ra ins do not have the same chemical 
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r e a c t i v i t y . I t i s sometime necessary t o remove i n t e r f e r e n c e s . 
This may be achieved by: i ) masking the i n t e r f e r i n g ions in 
s t ab l e complex compounds using the appropr ia te reagent, 
i i ) changing the va lency of the i n t e r f e r i n g ions that i s by 
us ing redox r eac t i ons , i i i ) conver t ing the i n t e r f e r i n g ions 
in t o r ead i l y v o l a t i l e substances and to remove them from the 
sphere o f the reac t i on , i v ) conver t ing the i n t e r f e r i n g ions 
i n t o compounds having the high pk. 
On react ing with inorganic substances metal ions sometimes 
form complexes with a low b o i l i n g p o i n t . Thus be r y l l i um may be 
separated as i t s oxyaceta te whi le t i n and n i cke l can be sepa-
ra ted as t h e i r dimethylg lyoxime complexes. 
I t i s a c h a r a c t e r i s t i c of s o l i d - s t a t e ana l y t i c a l reac-
t i ons that complete ly inso lub l e sub'stances are qu i t e capable of 
enter ing in to r eac t i on . S o l i d - s t a t e ana l y t i c a l react ions can 
a l so be used f o r s o l i d phase co l o r ime t r y both v i s u a l l y and 
ins t rumenta l l y . V isua l determination caTi be done by comparing 
the co lour obta ined with colours of known standards. The con-
t en t o l l ead has been determined by t h i s way when the e lenents 
were present on ly upto 1%. 
The s o l i d s t a t e reac t ions may be studied e i t h e r by a l l ow-
ing the react ion to occur between s i n g l e c r y s t a l s o r by means 
of the c a p i l l a r y technique f i r s t proposed by P r o f . R. P . 
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Rastogi . In t h i s technique powders of the two reactants are 
f i l l e d in a c a p i l l a r y as shown in F i g . H I . 
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F igure I I I . C a p i l l a r y technique f o r the study 
o f s o l i d s t a t e r eac t i ons o f the 
powders. 
For the success o£ t h i s technique i t i s necessary tha t 
the p a r t i c l e s i z e be uniform and the same pressure i s appl ied 
so as t o produce reproducib le r e s u l t s . The advantage o f th is 
technique i s tha t the r eac t i ons can be qu i ck l y scanned f o r 
a n a l y t i c a l purposes. 
We have, t h e r e f o r e , t r i e d t o use the c a p i l l a r y technique 
o f Rastog i and coworkers in order to study the k ine t i c s o f the 
s o l i d s t a t e reac t ions o f p-diinethylaniinobenzaldehyde wi th 
diphenylaroine hydrochlor ide and r e s o r c i n o i . The r e su l t s 
obta ined have been use fu l in deve lop ing a new technique f o r 
the de t ec t i on o f substances. The d e t a i l s o f the technique which 
we propose to c a l l as the " C a p i l l a r y s o l i d - s t a t e s p o t - t e s t s " and 
the r e l e van t k i n e t i c studies are presented in the f o l l ow ing 
pages . 
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CHAPIER - I I 
THE KINETICS AND MECHANISM OF t>-DIMETHYLAMINOBENZALDEHYDE-
DIPHENYLAMINE HYDROCHLORIDE REACTION IN THE SOLID STATE. 
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So l i d s t a t e r eac t i ons have some novel f ea tures which 
d i s t ingu i sh them from reac t ions in the s o l u t i o n . These 
r eac t i ons are f r e e from the compl icat ing i n f luence o f the 
so l v en t and t h e i r ra tes are comparat ive ly s l ower . They are, 
t h e r e f o r e , more amenable to k i n e t i c and mechanist ic s tudies 
and very su i t ab l e f o r the study o f weak i n t e r a c t i o n s and f o r 
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the d iscovery of new spec ies ' ' ' . The development o f a new 
technique by Rastogi^ e t a l .^has renewed i n t e r e s t in these 
r e a c t i o n s . They showed that i t i s easy to f o l l o w the progress 
o f a s o l i d - s t a t e r eac t i on in a g lass c a p i l l a r y i f a coloured 
product i s formed. 
p-dimethylaminobenzaldehyde^'^ (p-DAB) i s a use fu l 
chromogenic reagent which g i v es co lour r eac t i ons with primary 
a r y l amines, hydraz ides o f ca rboxy l i c ac ids , p y r r o l e bases, 
e r g o t a l ka l o i d s , s t e r o i d ac ids , n i c o t i n i c ac id , an t ipy r ine , 
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nova lg ine , urea e t c . Qureshi^; e t a l y ' showed that p-DAB can 
be used f o r the s p e c i f i c d e t e c t i on o f diphenylamine. 
Un for tunate l y a l l these reac t ions have been studied on ly in the 
so lu t i on s t a t e . I t was, t h e r e f o r e , decided to s t^dy the 
k i n e t i c s and mechanism o f the s o l i d - s t a t e r eac t i on o f p-DAB with 
diphenylamine hydrochlor ide (DPAH) . 
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EXPERIMENTAL 
Mate r i a l used; p-DAB was obta ined from E. Merck. DPAH was 
prepared from reagent grade dlphenylamine (BDH) . A l l o ther 
reagents were o f a n a l y t i c a l grade. 
Apparatus used; Graduated c a p i l l a r i e s (3 mm i . d . ) , the P h i l i p s 
X-ray d i f f r a c t o m e t e r , and the Re i d ' s apparatus were used f o r 
r eac t i on k i n e t i c s . X-ray and vapour pressure s tudies respec-
t i v e l y . 
Procedure used; The reac t ion k ine t i c s in the s o l i d s t a t e was 
s tud ied by the technique o f Rastog i and coworkers^ in a thermo-
s t a t Using 100-200 mesh reactant p a r t i c l e s . The t ime required 
f o r the movement o f the coloured boundary to a d e f i n i t e d is tance 
was noted. For non-porous studies a f i l t e r paper was p laced a t 
the bottom of a g lass p e t r i d i sh . A DPAH p e l l e t was placed on 
th i s paper f o l l owed by a p-DAB p e l l e t and then the system was 
covered with a g lass l i d . Ion-exchange s tudies were performed 
by p lac ing Dowex SoWOCjresin beads in the hydrogen form ins i d e 
the above p e t r i dish containing p-DAB and DPAH p e l l e t s . The 
r es in beads turned dark green and t h e i r co lour did not change 
on washing with e thano l . 
For vapour phase studies approximately 1 gm of DPAH was 
p laced at the bottom o f a g lass beaker . The beaker was covered 
with the f i l t e r paper impregnated with p-DAB. S im i l a r l y another 
3 3 
beaker containing p-DAB at the bottom was covered with DPAH 
paper. On keeping the system in an evacuated d e s i c ca t o r f o r 
a couple of days/ p-DAB paper turned dark green whi le DPAH 
paper turned l i g h t g reen . p-DAB and DPAH papers were prepared 
by immersing f i l t e r paper c i r c l e s in 1% a l c o h o l i c so lut ions 
o f the reagent concerned and then dry ing them at 30°C. X-ray 
d i f f r a c t og rams of DPAH and of the hard dark green product 
(p-DAB; DPAH:: 1:1) were taken using n i cke l f i l t e r e d CuKil radi-
a t i o n , The vapour pressure o f pure ethanol and e thano l i c so lu-
t i ons of the react ants and products were measured at 38 and 
7 45 mm Hg (9939 4.920 Nm"^) as usual . 
To determine the reac t ion temperature as de f ined by 
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Cohn , Rastogi s procedure was used. The r eac t i on was s tudied 
from 0-50°C and the temperature r i s e was found to be gradual . 
RESULTS AND DISCUSSION 
Before d iscussing the mechanism of t h i s r eac t i on in 
d e t a i l , a few important f a c t s may be summarized. This react ion 
does not occur in the absence o f a strong ac id i , e . HCl o r 
NaHSO^. F e i g l ^ has s t a t ed , " S u r p r i s i n g l y diphenylamine gave 
p o s i t i v e reac t i on with p-DAB. The l i m i t o f i d e n t i f i c a t i o n was 
0 . 6 ^ g " . I t seems an important remark is miss ing . A f t e r 
spo t t ing the p-DAB paper with e the r ea l so lu t i on of diphenylamine, 
e xpos i t i on to ac id vapours i s necessary to y i e l d the y e l l ow 
n 
co l our . This omission was pointed by Qureshi and coworkers and 
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the necess i t y of th i s s tep was a lso discussed by them. When 
the same reac t ion i s ca r r i ed out in the s o l i d s t a t e by mixing 
equimolar quant i t i e s of p-DAB and DP AH at room temperature 
C30°Q)a ye l l ow product i s fosnned instantaneous ly . A f t e r 
s eve ra l hours the ye l low product turns t o a dark green guminy 
product which on keeping a t room temperature f o r s eve ra l days 
changes to a hard dark green s o l i d . At h igher temperatures 
( 50°C ) the dark green gummy product forms d i r e c t l y . 
D i f f u s i o n Mechanism: Fo r the study of formal r eac t i on k ine t i c s 
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r eac t i ons may be c l a s s i f i e d as f o l l o w s : 
i ) React ions in which phase boundary processes are more 
rapid than d i f f u s i o n . 
i i ) Reactions in which phase boundary processes are 
s lower than d i f f u s i o n . 
D i f f u s i o n in s o l i d s t a t e may invo l v e any one of the 
f o l l o w i n g mechanism: 
a) Bulk d i f f u s i o n , 
b) L a t t i c e d i f f u s i o n , 
c) Grain boundary d i f f u s i o n , 
d) Vapour phase d i f f u s i o n , and 
e) Surface d i f f u s i o n . 
Our resu l ts show that i ) the react ion under study i s a 
d i f f u s i o n con t r o l l ed r eac t i on , i i ) the d i f f u s i n g spec ies i s 
Ph^NH^Cl", i i i ) the d i f f u s i o n i s the vapour phase d i f f u s i o n . 
Evidence w i l l now be presented to substant ia te the above 
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conc lus ions . 
I t i s c l e a r from f i g u r e 4 that the rate of r eac t i on 
decreases with time and t h e r e f o r e a lso with an increase in 
the thickness of the product . The i n i t i a l . rapid increase 
in the coloured boundary i s due t o the f a c t that the chemical 
r eac t i on i s much f a s t e r than the d i f f u s i o n process . As the 
co loured boundary increases d i f f u s i o n needs more time and the 
r eac t i on ra te decreases . 
According to the Arrhenius equation the r e a c t i on ra t e 
inc reases with temperature. Th is holds good in the present 
case f o r the r eac t i on a t 3 0 a n d the i n i t i a l reac t ions at 
and 50°C, However, a f t e r a few minutes the reac t ion ra te at 
i s s lower than the r eac t i on a t 40°C. When a s u f f i c i e n t 
quant i ty o f the green product has been formed, th i s product 
melts a t 5o°C and shrinking occurs l ead ing to an empty space at 
the junct ion of DPAH and the product i ns ide the c a p i l l a r y . The 
presence of the empty space decreases the ra te o f d i f f u s i o n and 
hence the reac t i on ra t e i s s lower a t 5o°C than at 
The thermal studies po in t t o the absence o f r eac t i on 
temperature and ru le out the possibii|?ity o f bulk d i f f u s i o n , 
l a t t i c e d i f f u s i o n , g ra in boundary d i f fusion^ and sur face d i f f u s i o n , 
Seve ra l empir i ca l o r semi empi r i ca l ra t e laws such as: 
M i ) t^ = K^t, ii) = k^ t , i i i ) ^ ^ = 
i v ) ^ ^b a k^t , v) k^t and v i ) ^ = k^ l o g t 
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have been proposed to descr ibe the course o f the s o l i d - s t a t e 
d i f f u s i o n - c o n t r o l l e d r eac t i ons . In these equat ions ^ i s the 
thickness o f the product l a y e r ; t i s the time and k^, k^/ k^/ 
k^, k^, 1^'Kand b are constants . Our k i n e t i c data f i t equation 1 
The p l o t i s shown in f i g u r e 5 . 
The d i fus ing spec ies was ind i ca ted by the f o l l o w i n g 
exper iments: 
Vapour-Pressure Experiments; The vapour pressures of 
e thano l , 0.33% e thano l i c so lu t i ons of DP AH, p-DAB, the y e l l ow 
product/ and the dark green product were found t o be 1968.40, 
1757.50/ 386 .65/ 386.65 and 878.75Nm''^ r e s p e c t i v e l y . These 
r esu l t s show that DPAH i s more v o l a t i l e than p-DAB whi le the 
ye l l ow and dark green products are l e s s v o l a t i l e than DP AH. 
The r e f o r e , i f the r eac t i on i s c o n t r o l l e d by vapour phase d i f f u -
s ion the d i f f u s i n g species i s DPAH rather than the p-DAB o r the 
product . 
2 . Nonporous Experiments; The experiments on f i l t e r 
papers impregnated with DPAH and with p-DAB a lso po in t to 
vapour phase d i f f u s i o n and the same d i f f u s i n g spec i e s . I t was 
observed in the course of t f e p e l l e t experiments tha t the 
exposed f i l t e r paper turns dark green and the dark green 
product depos i t s on the wa l l s of the pe t r i . d ish . The sur faces 
o f the p-DAB and DPAH p e l l e t s are coated with the dark green 
product . The thickness o f t h i s coa t ing increases with t ime. 
The unexposed f i l t e r paper i . e . the f i l t e r paper covered with 
3 8 
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the p e l l e t remains unchanged. When the p e l l e t s were cut i n t o 
seve ra l thin p i e ces , no change in co lour was observed wi th in 
the bulk o£ the p e l l e t s . When the DPAH and the p-DAB p e l l e t s 
were placed in another p e t r i dish a t a l i t t l e d is tance from 
one another s im i l a r r esu l t s were obta ined . To summarise the 
green depos i t on the DPAH and p-DAB p e l l e t s junct ion on the 
p-DAB p e l l e t sur face DP AH p e l l e t sur face ^ on the wa l l s o f 
the p e t r i dish on the f i l t e r paper on the res in beads. 
A l l these r e su l t s are cons is tent with the postu la ted vapour 
phase d i f f u s i o n and ind i ca t e Ph^NH^Cl" as the d i f f u s i n g spe c i e s . 
Mechanism o f Chemical I n t e r a c t i o n ; By 5{-ray d i f f r a c t i o n a good 
d i f f r a c t o g ram containing t h i r t y s i x l i n e s was obtained f o r DPAH, 
The s t rong l i n e s correspond to d va lues o f 3.43, 9.40, 4.37, 
4.91, 4.53^ and 6.50 A ° . However, no l i n e i s observed f o r the 
hard dark green product prepared by mixing the DPAH and p-DAB 
in 1:1 mole r a t i o i nd i ca t ing that the DPAH i s absent in the 
product and i t has been consumed t o form a new compound. 
Furthermore the spectra o f the ye l low and the dark green products 
in the v i s i b l e reg ion show maxima a t 430 and 55o mp ind i ca t i ng 
the formation o f two d i f f e r e n t compounds 
I t has been reported that p-DAB shows condensation 
r eac t i ons with almost a l l compounds l i s t e d in the in t roduc t i on . 
The pe r t inen t example i s the formation o f a dark red product 
wi th hydrazine^® in the presence o f H C l ( C H . ) ^ NC^H^-CH=N-NH-' I— o z o 4 
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NCCH )^ ^Cl p-DAB does not form a cynohydrin^^. 
because o f the resonance i n t e r a c t i o n between the amino and the 
carbonyl groups 
O 0 
On the bas is o f the f a c t s g iven above the mechanism as g iven 
in Scheme 4 may be pos tu la ted . This mechanism f inds support from 
12 
the work o f Leonard and Paukste l i s who showed that p y r r o l i d i n e 
pe r ch l o ra t e reacts with aromatic aldehydes and c(, unsaturated 
aldehydes to form a condensation product having the grouping 
> C = S < . 
The deepening o f colour^^ o f the f i n a l product i s due t o 
the f a c t that on ly charged structures cont r ibute to resonance. 
That the product i s p o s i t i v e l y charged i s again confirmed from 
14 
the res in beads experiment. I t has a lso been mentioned tha t 
iminium ions would be expected t o undergo hydro l ys i s qu i te 
r e a d i l y s ince there i s a contr ibut ing form with a p o s i t i v e charge 
on the carbon. Indeed they react with water at room temperature. 
S im i l a r l y the dark green product (B) obtained in t h i s case i s 
hydrolysed r e a d i l y on t r e a t i n g with water . 
42 
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d e i i r m i n a t i o n o f ^ D I ^ 
B I L M Y SOLID-STATE SPCV^T^FGTS . ' 
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I n t e r e s t i s growing in the area o f s o l i d - s t a t e 
c h e m i s t r y ^ ' ^ ^ S o l i d - s t a t e reac t ions have much to 
o f f e r to the chemists concerned with synthes is , r eac t i on 
mechanism o r the chemistry o f natural processes . F e i g l ^ has 
shown the ex i s t ence of new p o s s i b i l i t i e s by using s o l i d - s t a t e 
reac t ions in q u a l i t a t i v e organic ana l ys i s . These inc lude 
h y d r o l y t i c and ammonolytic c leavages and displacement, conden-
sa t i on and redox reac t ions tha t occur when organic compounds 
are melted o r s in t e r ed with su i t ab l e reagents , p-Dimethylamino-
7 
benzaldehyde (p-DAB) i s a u s e f u l reagent in organic ana l y s i s . 
g 
I t g i v e s coloured products and produces f luorescence with many 
compounds in s o l u t i o n . We had proposed e a r l i e r p-DAB f o r the 
9 
s p e c i f i c de tec t i on of diphenylamine . The k in e t i c s and 
mechanism of th i s r e a c t i o n w e r e l a t e r i n v e s t i g a t ed in the 
s o l i d - s t a t e . I t was found tha t t h i s i s a d i f f u s i o n - c o n t r o l l e d 
r e a c t i on ; a coloured boundaiy i s formed at the junct ion o f the 
two reactants and the d i f f u s i n g spec ies i s Ph2NH2Cl~. 
I t was, t h e r e f o r e , considered worthwhile to use the 
format ion o f the coloured boundary at the junct ion f o r the 
d e t e c t i o n of organic compounds in the s o l i d - s t a t e . For th i s 
purpose a new technique t o r s o l i d - s t a t e spo t - t e s t s , termed as 
c a p i l l a r y spot t e s t s , was dev i sed . This technique i s ve ry 
simple and can be used f o r semi quan t i t a t i v e determinations 
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as we l l . 
EXPERIMENTAL 
Reagents used; Reagents used were o f l abora tory grade o r 
A n a l y t i c a l grade. 
Apparatus used: U. V . lamp (Hamovia Fluorescence Model 16)^ 
g l a s s c a p i l l a r i e s ( o . l mm. i . d . ) and e l e c t r i c a l l y c on t r o l l ed 
oven were used. 
Procedure : 
i ) S o l i d - s t a t e d e t e c t i on ; A we l l powdered and thoroughly 
mixed mixture of p-dimethylaminobenzaldehyde (p-DAB) and 
potassium hydrogen sulphate (PHs) in an equimolar r a t i o was 
used as reagent (A) . A l i t t l e of the s o l i d was mixed in a 
micro t e s t tube with s eve ra l mgs. of reagent A. The co lour 
deve loped at room temperature (31°C) as we l l as on heat ing was 
recorded. For heat ing/the tube was p laced in a water bath 
preheated to 100°C f o r a few seconds. The l i m i t s o f i d e n t i f i -
ca t i on were determined by s t a r t i n g with standard so lu t i ons o f 
the compound concerned. Known volumes were evaporated to dryness 
on a water-bath. The s o l i d res idue was mixed with a small amount 
o f reagent A at room temperature. 
i i ) So lu t i on - s t a t e de t e c t i on ; So lu t i on o f reagent A ( 
in So% aqueous ethanol was used as reagent (B) . A drop o f the 
t e s t s o lu t i on ( e thano l i c ) was t r ea t ed with 1-2 drops o f reagent 
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B in a micro t e s t tube. The co lour developed a t room tempera-
ture as wel l as on heat ing was recorded. 
i i i ) S o l i d - s t a t e de t ec t i on in c a p i l l a r i e s ; In a c a p i l l a r y , 
reagent A was f i l l e d f i r s t with continuous tapping and then the 
s o l i d t e s t mater ia l was t i l l e d from the open end. The co lour 
and the f luo rescence o f the product formed at the junct ion was 
recoreded. The l i m i t s of i d e n t i f i c a t i o n were determined by 
s t a r t i n g with syn the t i c mixtures o f the s o l i d t e s t ma te r i a l s . 
Syn the t i c mixtures containing d i f f e r e n t percentages of the s o l i d 
t e s t mater ia l were prepared by mixing i t with starch in a mortar . 
i v ) Semi -quant i ta t i ve determinat ion; For t h i s purpose 
c a p i l l a r i e s conta ining reagent A and the s o l i d t e s t mater ia l 
(containing d i f f e r e n t percentages of DPA;were kept at 50°C in an 
oven f o r 5 hours. The l ength o f the coloured boundary formed a t 
the junct ion was recordeld, A p l o t o f concentrat ion o f d ipheny l -
amine versus length of the boundary (mm ) was used t o measure the 
concentrat ion of the unknown sample. 
v ) V isual colorimetxry; For t h i s purpose c a p i l l a r i e s 
conta in ing reagent A and s o l i d mixtures conta ining d i f f e r e n t 
percentages (0.1-10%) of di phenyl amine were kept at room tempera-
ture f o r 2 hours and the co lour i n t e n s i t y was v i s u a l l y compared 
by keeping the c a p i l l a r i e s s ide by s i d e . The same c a p i l l a r i e s 
were kept a t 5o°C in an oven f o r 15 minutes and the co lour 
i n t e n s i t y was compared v i s u a l l y . Both the procedures are equa l l y 
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good but the l a t t e r i s a f a s t e r one. The co lour i n t e n s i t y i s 
p ropor t i ona l t o the concentrat ion o f diphenylamine. To measure 
the concentrat ion o f the unknown sample, the c a p i l l a r y conta in-
ing the unknown samples with reagent A was t r ea t ed as above and 
i t s co lour I n t e n s i t y was compared with those o f the standard 
c a p i l l a r i e s (conta in ing known percentages o f d iphenylamine) . 
In a l l cases the ranking was conf irmed by showing the c a p i l l a -
r i e s to two unconnected observers . 
RESULTS AND DISCUSSION 
Results f o r the de tec t ion o f var ious compounds in the 
s o l i d s t a t e and in so lu t i on f o l l o w i n g procedures ( i ) and ( i i ) 
are summarized in tab l es I and I I , The r e su l t s f o r the s o l i d 
s t a t e de tec t i on in c a p i l l a r i e s f o l l o w i n g procedure ( i i i ) are 
summarized in t ab l e I I I . The r e su l t s f o r the semiquant i ta t i ve 
determinat ion o f diphenylamine are presented in t ab l e IV and 
f i g u r e 7, 
Resul ts recorded in tab l es I and I I i n d i c a t e that s o l i d -
s t a t e reac t ions are s u f f i c i e n t l y s e n s i t i v e . They can be used t o 
d i s t i ngu i sh s i m i l a r compounds. Some pe r t inen t examples are ; 
0-phenylenediamine (Y - G) from p-phenylenediamine (RY - G) 
wi th reagent A; Urea (RY) from phenyl urea (Y-YG^ 1 ,3 -d ibuty l 
th iourea (Y) , K-methyl urea (Y - YG) , Thiourea (Y) , phenyl 
th iourea (Y - YG)^  and sym - D I - o - T o l y l th iourea (Y) with reagent 
A; A l l y l th iourea (Y - RY) from o ther ureas mentioned above wi th 
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reagent A; Benzoic ac id (no colour) from i t s n i t r o d e r i v a t i v e s 
(Y) , with p-DAB; p -n i t r obenzo i c ac id (Y -0 ) froin i t s o ther 
isomers (Y - Y) with p-DAB; Barb i tu r i c acid (0) from t h i o -
b a r b i t u r i c ac id (pink) with p-DAB; Indo le (V) from other amino 
ac ids . 
11 
I t i s sa id " t h a t a l l reac t ions which take p lace in 
so lu t i on are a lso observed in the react ions between the s o l i d s , 
p a r t i c u l a r l y on t r i t u r a t i o n where there i s a c l ose contact 
between the react ing substances" . However there are some 
instances where a r eac t i on which takes place i n the s o l i d s t a t e 12 
does not occur in s o lu t i on . Thus Heggie and Sutherland repor ted 
tha t compound (A) in the s o l i d y e i e lds the products ( I ) and ( I I ) 
as shoxvn in Scheme 5. This reac t ion does not occur in so lu t i on 
and, i n t e r e s t i n g l y , i s even slowed down when the s o l i d i s covered 
wi th e t h e r . I t was suggested that the l a t t e r e f f e c t shows tha t 
the r eac t i on in the s o l i d invo l v es some spec ies which i s so lub l e 
i n t o e the r . 
When the reactants are kept in contact in the c a p i l l a r y 
on l y fourteen compounds (out o f twenty s ix ) form the coloured 
products at the junct ion o f the reac tants . Many compounds can 
be d is t ingu ished by doing the react ions in the c a p i l l a r y . Some 
o f them are ot-naphthylamine (O) from ^-naphthylamine (G) ; 
0-phenylenediamine (0) from p-phenylenediamine (R) , 0 - n i t r o -
phenol (Y-B) from p-n i t rophenol (0 - R) ; 0 -n i t r obenzo i c acid 
(LG) from p -n i t robenzo i c ac id (Y) and m-ni trobenzoic ac id (Y) . 
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K i n e t i c studies'^' ^^ o f some s o l i d s t a t e reac t ions have 
been made by measuring the thictaiess o f the coloured boundary 
which i s formed at the junct ion o f the reactants in the 
c a p i l l a r y . Most reac t ions are d i f f u s i o n c o n t r o l l e d and the 
d i f f u s i o n depends on the concentrat ion and the geometry o f the 
d i f f u s i n g spec i e s . I f these reac t ions are performed under 
c o n t r o l l e d condit ions i . e . uniform temperature, packing, p a r t i c l e 
s i z e e t c . , a r e l a t i o n i s found t o e x i s t between the concentrat ion 
o f the d i f f u s i n g spec ies and the thickness o f the boundary. 
Resul ts o f such an attempt f o r determining the concentrat ion o f 
diphenylamine are shown in t a b l e IV and f i g u r e 7 , The c a l i b -
r a t i on curve shown in f i g u r e 7 has been used t o determine the 
concentrat ion o f s eve ra l unknown samples of diphenylamine. The 
r e su l t s obtained f a l l in the reg ion o f semiquant i ta t i ve de t e r -
minat ion. The l i m i t o f determinat ion i s lo% - 100%. I f the 
r eac t i ons are ca r r i ed out in a c a p i l l a r y the i n t e n s i t y o f the 
co loured boundary formed at the junct ion o f the reactants i s 
p ropo r t i ona l t o the concentrat ion o f the r eac tants . By tak ing the 
reagent in excess ( reagent A) and the s o l i d t e s t mater ia l in 
va ry ing amounts (diphenylamine) a semiquant i ta t i ve determinat ion 
o f diphenylamine has been attempted. The l i m i t o f t h i s v i sua l 
co l o r ime t ry in the c a p i l l a r y i s 0.1% t o 10.0%. p-DAB g i v e 
6 8 
f l uo r e s c en t products ' with a l a r g e number o f substances in 
s o l u t i o n . The f luorescence depends on the reac t i on cond i t ions 
and i s enhanced by spot t ing the so lu t i on mixture on f i l t e r paper . 
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TABLE ~ IV 
Semi Quant i ta t i ve Determination of Diphenylamine a t 50 C, 
S .No. Concentration of 
diphenylamine(%) 
Colour Length of product 
boundary (mm) a f t e r 
5 hours. 
1. 0 . 1 G l e s s than D'5 
2. 0 .5 G H 
3. 1.0 0 - G H 
4. 5.0 0 - G It 
5 10.0 0 - G 1.0 
6 . 20 .0 0 1.5 
7 . 40.0 0 2.0 
8. 60.0 0 2.5 
9 . 80.0 0 3.0 
10. 100.0 0 3.5 
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I f there fo re/ f luorescence react ions are performed in the s o l i d -
s t a t e they become more s e l e c t i v e . And i t was found that on 
contact ing in a c a p i l l a r y p-DAB g i v e s a f luo rescen t product only 
wi th 3 substances i . e . , ac r id ine , p - t o l u i d i n e and semicarbazide 
hydroch lor ide . 
In summary the c a p i l l a r y s p o t - t e s t technique o f f e r s the 
f o l l o w i n g advantages ove r the convent ional techniques: 
i ) A permanent record can be maintained. 
i i ) I t i s b e t t e r f o r v i sua l comparison i f semiquant i ta t i ve 
determination i s t o be done. 
i i i ) I t g i ves a rough idea o f the reac t i on rates so tha t 
su i t ab l e reac t ions can be chosen l a t e r on f o r k in e t i c 
s tud i e s . 
i v ) S o l i d - s t a t e spo t - t e s t s can be performed e a s i l y at 
var ious temperatures. 
^ -A-'^ vl-
K r 
No reac t ion 
( 1 ) 
+ H B r 
OH 
{ I D 
SCHEME 5 CONFIGURATION EFFECT ON THE REACTIVITY 
OF PARTICULAR COMPOUND ( A ) 
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CHAPTER-IV 
STUDIES an THE REACTION OF RESORCINOL WITH p.J)IMETHyL~ 
AMINCBENZAIDEHyPE IN THE SOLID STATE, 
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I t i s i n t e r e s t i n g to study the k ine t i c s and mechanism 
o f the a n a l y t i c a l l y important co lour reac t ions o f organic 
compounds. In th i s way i t i s poss i b l e to improve the co lour 
reac t ions and t o modify them to meet a p a r t i c u l a r s i t u a t i o n . 
The reac t i on o f p-dimethylaminobenzaldehyde (p-DAB) with 
diphenylaminehydrochloride^ was t h e r e f o r e s tudied using the 
c a p i l l a r y technique o f P r o f . R. P . Ras t og i . Th is technicjue i s 
simple and can be used with cons iderab le a^dvantage f o r those 
r eac t i ons which show a s i g n i f i c a n t increase in the coloured 
boundary. A quick screening by the c a p i l l a r y technique o f 58 
compounds which g i v e coloured products with p-DAB showed tha t the 
movement o f the coloured boundary i s the f a s t e s t in the case o f 
r e s o r c i n o l (RSN). There fo re , i t was decided to i n v e s t i g a t e the 
p-DAB-RSN reac t i on in the s o l i d s t a t e by th i s technique. 
A search o f the l i t e r a t u r e shows that v e r y l i t t l e work 
has been done on the RSN - p-DAB r e a c t i o n . Only one study has 
been repor ted in the s o l i d s t a t e . F. G. Osipenko and G. 
3 
Tishchenko found that RSN reac ts with p-DAB in the s o l i d s t a t e 
t o g i v e a l i g h t orange molecular compound. Mixtures conta in ing 
d i f f e r e n t mole percentages of RSN were melted and then a l lowed 
t o c o o l . The temperature at which s o l i d i f i c a t i o n occurred was 
c a l l e d the s o l i d i f i c a t i o n temperature. A . p l o t o f the s o l i d i f i -
ca t i on temperature versus the mole percentage o f RSN gave a 
maximum at 73°C and at a mole r a t i o o f 1 :1 . Except these thermal 
6 5 
stud ies no k i n e t i c , thermodynamic or I , R. s tud ies were ca r r i ed 
out - No studies were reported on th i s r eac t i on in the presence 
o f an ac id in the s o l i d s t a t e . 
R e l a t i v e l y more work has been reported on th i s reac t ion 
4 
in the so lut ion s t a t e , R. M. Acheson and I . Turner reported 
tha t RSN and 2-methy l resorc ino l r eac t with p-DAB in 2N HCl to 
g i v e a deep red co lour . A f t e r 10 minutes the so lu t i on became 
p a l e r and a brown o i l p r e c i p i t a t e d . Ana lys is o f the product 
a f t e r p u r i f i c a t i o n showed that equimolar proport ions o f the 
reac tants combined with the l o ss o f some hydrogen, A f r e e 
r ad i ca l s t ructure ( I ) o f the purple compound was proposed. 
The I , R. spectrum of the p u r i f i e d product was qu i te 
d i f f e r e n t from the superimposed spectra o f the aldehyde and RSN 
and showed no absorpt ion in the aldehyde carbonyl r e g i on . No 
independent proo f f o r the presence o f a f r e e rad i ca l was g iven 
and i t s presence was i n f e r r e d on ly from the c i rcumstant ia l 
ev idence that the purple r e s o r i c i n o l product in 2N sodium 
hydroxide absorbed only a l i t t l e over h a l f a mole o f hydrogen 
us ing Raney n i cke l c a t a l y s t and gave a co l our l ess so lu t ion with 
a benzenoid type o f the u l t r a v i o l e t absorpt ion spectrum 
suggest ing that ox ida t i on i n vo l v i ng the l o ss o f one hydrogen 
atom occurs. Hence Acheson^ proposed that the s t ruc ture o f the 
purple compounds ( I and o ther resonance forms, o r a complex o f 
I I and I ) as shown in Scheme 6 may be analogous to that of 
quinhydron. 
M «2 N 
C -
I 
O H 
1 
OH 
A /> 
c 
II 
0 
in 
O H M « 2 N 
HO 
> // O H 
\ // 
HO R 
C H 
I 
O H 
I I 
// 
•OH 
SCHEME 6 STRUCTURE OF p - DIMETH YLAMINO-
BENZALDEHYDE - RESORCINOL REACTION 
PRODUCTS PROPOSED BY R.M-ACHESON 
IN THE SOLUTION STATE 
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S. A. I smaie l and coworkers^ showed tha t i f 1 ml o f 
a so lu t i on conta ining 80 /Lg o f RSN was mixed with 8 ml o f 
6 2.5% 1 ml o f a 0.5% p-DAB so lu t ion and heated on a 
waterbath f o r 15 minutes the co lour developed showed maxima at 
455 and 570nm. The 570 nm maximum was used f o r determination 
40 - 140)Ug o f RSN per 25 ml o f the s o lu t i on . The n i t rogen 
content o f the coloured product corresponded t o the p-DAB - RSN 
r a t i o 1 :2 . The same p-DAB - RSN r a t i o was proposed by Z. B id l o 
and coworkers^ who determined 1-10 mg o f RSN per l i t r e i n 96% 
H2SO4. 
The l i t e r a t u r e survey g iven above shows that the p-DAB -
RSN reac t i on i s use fu l in the determinat ion o f RSN in pharma-
c e u t i c a l products in so lut ion and more study i s needed t o e luc i -
date the chemistry o f th i s r eac t i on e i t h e r in the so lu t ion o r 
the s o l i d s t a t e . The present work was t h e r e f o r e undertaken and 
some i n t e r e s t i n g r esu l t s v.'ere obta ined which are presented in 
th i s chapter . 
EXPERIMENTAL 
Mate r i a l s : p-DAB (E .M. ) , RSN and potassium hydrogen sulphate 
(PHS) o f BDH AnalaR were used. A l l o the r reagents were o f 
a n a l y t i c a l grade. In order to obta in a substance in d e f i n i t e 
p a r t i c l e s i z e i t was ground in the mortar and s i z ed with standard 
s i e v e s . 
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Apparatus: Graduated c a p i l l a i r e s (3nim i . d . ) , Re id ' s 
apparatus. Cook's M400 Ser ies Research Microscope, Hydraul ic 
press , Perkin Elmer 6 21, Beckman DK - 2A, Bausch and Lorrib 
Spec t ron ic 6oO, Bausch and Lomb Spectronic 20, and Varian X-
band Spectrometer were used f o r r eac t i on k i n e t i c s , vapour 
pressure . P a r t i c l e s i z e measurements. P e l l e t preparat ion . 
I n f r a r e d , U l t r a V i o l e t , Re f l e c tance , Spectra in V i s i b l e reg ion 
and EPR studies -
PROCEDURE 
i ) K i n e t i c s : The k ine t i c s in the s o l i d s t a t e was s tudied by the 
2 
c a p i l l a r y method developed by R. P . Ras tog i . The substance t o 
be f i l l e d in the c a p i l l a r y was f i r s t passed through the s i eves 
and p a r t i c l e s o f the des i red mesh s i z e were used. The packing 
o f the c a p i l l a r y was done in a reproduc ib le manner by applying 
as f a r as poss ib l e uniform pressure t o the mater ia l in the 
c a p i l l a r y . The react ions were f o l l owed in an e l e c t r i c a l l y 
c o n t r o l l e d oven at the des i red temperature. The coloured 
boundary at the (RSN) - (p-DAB) junct ion was ye l low and that at 
the (RSN + PHS) - (p-DAB) junct ion was r ed -ye l l ow . The red 
r j n g remained s ta t i onary at the junc t i on and the y e l l ow boundary 
moved towards the p-DAB column. The coloured boundary at the (RSN) 
(p-DAB+PHS) junct ion was red. The red boundary moved towards 
the p-DAB column at much s lower r a t e than that o f the 
y e l l ow boundary. The d is tance through which the coloured 
boundary moved was noted c o r r e c t to j O . O l cm and the reproduci-
6 9 
b i l i t y of the k i n e t i c data was found to be B0%, The s tudies 
were made a t d i f f e r e n t temperatures and f o r p a r t i c l e s o f 
var ious s i z e s . For the k i n e t i c data giTg-en in th i s chapter 
the p a r t i c l e s i z e o f PHS, RSN and p-DAB was 8.33 p to 12.3 ja, 
6 .3 p to 12.5 p and 8.3 p to 12.5 p r e s p e c t i v e l y . I t was 
observed that on ly RSN d i f f u s e d through the p-DAB or a c i d i c 
p-DAB (p-DAB + PHS) . The r e su l t s are shown in f i g u r e s 8 - 1 1 . 
When l o g K i s p l o t t e d aga inst 1/T f o r these react ions s t r a i g h t 
l i n e s were obta ined. The r e su l t s are g iven in f i g u r e 12. From 
the values o f k at d i f f e r e n t temperatures, the values o f the 
ent ropy of a c t i v a t i on A s , enthalpy o f a c t i v a t i o n A h * , 
energy o f a c t i v a t i o n E, and the f r e e energy o f a c t i v a t i o n AG* 
were computed by assuming that the temperature dependence o f k 
i s according to the f o l l o w i n g equation 
k = ( i ) 
where Q i s the frequency f a c t o r , and E i s the energy o f a c t i -
v a t i o n . The r e su l t s obtained are g iven in tab l e V, 
The v e l o c i t y of the r eac t i on was the same whether the 
r eac t i on was performed in the v i s i b l e l i g h t or in u l t r a v i o l e t 
l i g h t o r abso lu te l y in the dark. Hence the r o l e o f e l e c t r ons 
i s secondary in in f luenc ing the reac t i on k i n e t i c s . The k in t i c s 
was ca r r i ed out with p a r t i c l e s o f mesh s i zes ( i ) l e s s than 50 
( i i ) 50 - l oo ( i i i ) lOO - 200 f o r RSN and p-DAB. The ra t e i s 
the same in every c a s e . 
12 
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i i ) React ion temperature; The r eac t i on temper a tuye was 
7 
measured by the method descr ibed by Rastog i e t a l . The 
r e s u l t s are summarized in f i g u r e 13. 
i i i ) Nonporoug s tud ies ; P e l l e t s o f RSN, PHS, p-DAB, RSN + PHS, 
and o f p-DAB + PHS were made with a hydraul ic press apply ing a 
100 l b , pressure . The radius o f the p e l l e t (0 .5 gm o f substance) 
so obtained was 6 .5 mm. A p i e c e o f f i l t e r paper was placed 
a t the bottom of a g lass p e t r i d i s h ; the p-DAB or the a c i d i c 
p-DAB i . e . (p DAB + PHS) p e l l e t was placed on the f i l t e r paper. 
The RSN or the a c i d i c RSN i . e . (RSN + PHs) p e l l e t was then 
p laced on top o f the p-DAB or (p-DAB + PHS) p e l l e t s . The 
p e t r i d i s h was covered with a g lass l i d , the sur face o f the 
p e l l e t s turned l i g h t orange o r red whi le the bulk o f the p e l l e t s 
remained unchanged. The th i c t oess of the coa t ing increased with 
t ime. Some l i g h t orange c r y s t a l s grew a t the junct ion of the 
p e l l e t s . 
i v ) Conductance s tud ies ; For conductance measurements the p e l l e t 
was placed in the sample ho lder and the conductance was measured 
with t ime. For t h i s purpose, the instrument f ab r i c a t ed by 
g 
Krishan L a l ^ e t a l . , was used. Conduct iv i ty values were ca l cu la ted 
using the equation ( i i ) 
o - = ( i i ) 
where o " i s the conductance, A i s the area, T i s the thickness 
11 
30 4 0 
TI m e ( m i n ) 
FIG.13 R E A C T I O N TEMPERATURE RISE AS A 
FUNCTION OF T IME 
\ 
I 
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and R i s the r es i s tance o f the p e l l e t . The r e su l t s obtained 
are g iven in t ab l e V I . 
When s o l i d RSN powder was p laced at the bottom of a 
beaker and i t was covered with a f i l t e r paper impregnated with 
p-DAB the paper turned l i g h t orange wi th in two hours, on 
exposing the l i g h t orange paper to HCl vapour i t turned red . 
In the reverse experiment i . e . p-DAB at the bottom and f i l t e r 
paper impregnated with RSN a t the top the f i l t e r paper turned 
l i g h t orange in 5 days. S imi la r r e su l t s were obtained from a 
s e t of experiments in which a c i d i c p-DAB or a c i d i c RSN powders 
p laced at the bottom of the beaker which was covered with f i l t e r 
papers impregnated with RSN and p-DAB r e s p e c t i v e l y and v i c e v e r sa . 
p-DAB and RSN papers were prepared by immersing f i l t e r paper 
c i r c l e in 1% e thano l i c so lut ions o f the reagent concerned and 
then dry ing at 30°C, S imi la r experiments were ca r r i ed out using 
s in t e r ed g l a s s as the impregnated support in p lace o f f i l t e r paper 
and same r e su l t s were obta ined. These r esu l t s conf irm that RSN 
i s the d i f f u s i n g spec i e s , 
v ) Phase diagram s tud ies ; S o l i d - l i q u i d equi l ibr ium data were 
Q 
obta ined by the Thaw-melt method . Results are shown in 
f i g u r e 14. 
v i ) Spect ra l s tud i es ; The absorpt ion spectra o f p-DAB, RSN and 
the ye l l ow product (obtained in the s o l i d s t a t e reac t i on o f RSN 
and p-DAB) in ethanol and of the saturated e thano l i c so lu t i on of 
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the red prcxiuct in the u l t r a v i o l e t and the v i s i b l e reg ion 
( f i g u r e l^Q) were ob ta ined . Re f l e c t ance spec t ra us ing Mg Co^ 
as the r e f e r ence ( f i g u r e and i n f r a r e d spec t ra in nu j o l 
( f i g u r e 14) were taken as usua l . The EPR spec t ra o f the ye l l ow 
and red products ( f i g u r e 11) were obtained by prepar ing products 
a t the time of the exper iment. The y e l l ow product was obtained 
by mixing RSN and p-DAB in the s o l i d s t a t e in (1 :1 ) r a t i o . The 
red product was obta ined by adding excess o f PHS to (1 :1 ) 
mixture o f RSN and p-DAB, 
v i i ) VapQUr-pressure s tud les ; The vapour pressures o f pure 
e thano l , 0.33% e thano l i c so lu t i ons o f RSN, o f p-DAB and of the 
l i g h t orange product (obta ined in the s o l i d s t a t e ) a t 3o°C and 
745 mm Hg were found to be 1.5, 1.4, 0 . 8 and 1.1 I b . / s q . inch 
r e s p e c t i v e l y . The procedure used has been repor ted i n the 
prev ious paper^ These r e su l t s show tha t RSN has a h igher vapour 
pressure than that o f p-DAB. The r e f o r e , i f the r eac t i on i s 
d i f f u s i o n c o n t r o l l e d the d i f f u s i n g spec i es i s the RSN ra ther 
than the p-DAB or the product . 
v i i i ) Porous plug experiment; In th i s experiment p-DAB and 
RSN columns in the c a p i l l a r y were separated by a porous plug 
of g l ass wool (F igure i ) 
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The c a p i l l a r y was then placed in an oven at 6 5°C. I t was 
no t i c ed that immediately a f t e r keeping the c a p i l l a r y in the 
oven a ye l l ow coloured boundary appeared between the g lass 
wool and the p-DAB. The ra te o f movement o f the ye l low 
boundary was the same as in the absence o f the p lug . No 
co loured boundary was obtained a t the ( g l ass wool) - (RSN) 
j u n c t i o n . Glass c a p i l l a r i e s were now packed in the f o l l ow ing 
sequence: 
i i ) (p-DAB + PHS) - ( g l a ss wool) - (RSN) 
i i i ) (RSN + PHS) - ( g l ass wool) - (p - DAB) 
In case ( i i ) a red boundary appeared a t the ( g l ass wool) 
(p-DAB + PHS) j unc t i on . In case ( i i i ) a ye l l ow coloured 
boundary appeared a t the (p-DAB) - ( g l a ss wool) junc t i on . The 
movement o f the red boundary in case ( i i ) was slower than the 
movement o f the ye l l ow boundary in case ( i i i ) . 
The length o f g lass wool gaps was va r i ed from 1 mm to 
4 mm but no change in the rates o f the mo/ement o f the ye l l ow 
o r the red boundary was observed, 
DISCUSSION 
4 
According to Acheson e t a l . RSN reacts with p-DAB in 
the so lu t i on s t a t e in an a c i d i c medium to g i v e a red product. 
In the s o l i d s t a t e i t was found by Osipenko and Tishchen'.h".o^ 
tha t RSN reacts with p-DAB to g i v e a ye l low o r l i g h t orange 
8 7 
product . I t has been observed that in the s o l i d s t a t e RSN reacts 
with p-DAB to g i v e two compounds i . e . a ye l l ow one in the neutra l 
medium and a red one in the a c i d i c medium. The ye l l ow compound 
has not been de tec ted in the so lut ion s t a t e . This i s one o f the 
i n t e r e s t i n g examples where the reac t ions in the s o l i d s t a t e are 
d i f f e r e n t from the one in so lu t i on s t a t e . 
The mechanism o f the p-DAB - RSN reac t ion i s rather complex 
and i t i s not poss ib l e to e s tab l i sh the mechanism with the he lp o f 
the a v a i l a b l e da ta . However, the f o l l o w i n g po ints emerge from the 
r e su l t s obtained: 
i ) The porous plug experiment shows that RSN i s the d i f f u s i n g 
spec ies and not p-DAB. Thus when the c a p i l l a r y i s packed as in 
(F igure i ) and kept in an oven at 6 5°C a ye l low coloured boundary 
i s developed at the ( g l ass wool) - (p-DAB) junc t i on . This e x p e r i -
ment shows that d i f f u s i o n 'takes p lace in the vapour phase. The^e 
i s no e f f e c t on the movement o f the y e l l ow boundary when the length 
o f the plug i s v a r i ed from 0 - 4 mm. Further, there was no e f f e c t 
on the r a t e o f d i f f u s i o n when the p a r t i c l e s i z e o f RSN or p-DAB 
was va r i ed from 50 to 200 mesh s i z e . Both these observat ions are 
cons i s t en t with vapour phase d i f f u s i o n . 
When the c a p i l l a r y was packed as shown in (F igure i i ) a 
ye l l ow coloured boundairy developed at 
the ( g lass wool) - (p - DAB) junct ion 
CRSN + PHS) g lass p-DAB 
wool 
p lug 
( F i g . i i ) 
8 8 
but the movement of the boundary was slower than with arrange-
ment ( i ) . This was due to the f a c t that the RSN mole f r a c t i o n 
was now lower and hence i t s vapour pressure was sma l l e r . 
When the c a p i l l a r y i s packed as in (F igure i i i ) a red 
coloured boundary appears at the 
junc t i on of the g lass wool p lug 
and the p-DAB + PHS mixture. -
However, the movement o f the red 
boundary was much s lower than in 
the f i r s t case. This may be due 
t o the f a c t that the red product 
RSN g lass wool p-DAB 
plug + 
PHS 
(F i gure i i i ) 
has to move through a mixture o f p-DAB and PHS. 
* 
i i ) F igure 8 shows that the ra t e o f r eac t i on i s i n i t i a l l y 
f a s t and then i t slows with t ime. This i s due to the f a c t tha t 
the r eac t i on i s d i f f u s i o n con t r o l l ed and hence the ra te slows 
down with an increase in the thickness o f the l a y e r . 
i i i ) F igures 9, 10 and 11 show that ^ KLt i . e . a para-
b o l i c r a t e law i s f o l l o w e d . Here ^ i s the thickness o f the 
co loured boundary and t i s the t ime. 
i v ) F i gure 12 shows that the Arrhenius equation i s 
f o l l o w e d , 
v ) F igure 13 shows that the reac t i on temperature i s very 
low and hence there i s l i t t l e p o s s i b i l i t y o f the gra in boundary 
8 9 
or bulk d i f fu s ion . 
v i ) Figure 14 shows that p-DAB and RSN react in the 
mole rat io 1:1 and the compound formed melts at 73°C. The 
same results were obtained by Osipenko et al^ 
v i i ) F igure 15 shows that the red product formed in the 
s o lu t i on i s the same as the one formed in the s o l i d s t a t e . 
v i i i ) F igure 16 shows that the absorpt ion due t o the 
>C = O group i s cons iderab ly diminished during the fortnation 
o f the ye l low and the red products, 
ix ) The e . s . r . spectra (Figure 17) show that the yellow 
and the red products both are f ree rad ica l s , 
x) Table V shows that the va lue o f f o r the red 
product i s l e s s than that f o r the ye l low one showing thereby 
that the t r a n s i t i o n s t a t e f o r the red product i s more ordered. 
The g r e a t e r va lue o f energy o f a c t i v a t i on f o r the 
l i g h t orange (57.5 K Cal/mole) o r red product (38.3 K Cal/mole) 
than the heat o f sublimation of RSN (21.37 K Cal/mole) suggests 
t ha t the vapour phase d i f f u s i o n occurs . The heat o f subl imation 
has been ca l cu la ted from the heat o f f u s i o n l O ^^^ heat o f 
Vapor i za t ion^^ . Since the energy o f a c t i v a t i o n i s lower the 
p o s s i b i l i t y o f bulk d i f f u s i o n o r volume d i f f u s i o n i s remote 
and sur face migrat ion appears t o be predominent in the movement 
o f the red coloured boundary. 
9 0 
x i ) The conductance data (Tab le VI ) show tha t there i s 
no s i g n i f i c a n t change in conductance during the r e a c t i o n . 
This observat ion ru les out an i o n i c mechanism and i s cons i s t en t 
w i th the f r e c r a d i c a l mechanism pos tu la t ed h e r e i n . 
4 
The mechanism proposed by Acheson d i d not exp la in the 
r o l e o f [^ H"*"^  o r the ac id . The mechanism g iven by Osipenko^ 
f o r the l i g h t orange molecular compound does not account f o r 
the e . s . r . spectrum. There fo re the mechanism as shown in 
Scheme 7 may be t e n t a t i v e l y pos tu l a t ed . 
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